Plants must cope with a variety of environmental stresses. Most types of abiotic stresses, such as drought, salinity, flooding, heat and cold stress, disrupt the metabolic balance of cells, resulting in the enhanced production of reactive oxygen species (ROS). While being well-known as a toxic by-product, recent studies about ROS focus on their roles as signaling molecules. It has been reported that ROS functions in plant cell proliferation and cell expansion, root hair growth which is correlated with the homeostatic regulation and signaling of cytosolic ammonium (Monshausen et al., 2007; Zhou et al., 2015) , stomatal movement (Jammes et al., 2009) , sperm release for fertilization (Duan et al., 2014) , and stress acclimation (Zhu, 2016) . The versatile roles of ROS suggest that they can serve as signaling molecules to sense abiotic stresses. However, there are still considerable gaps in our knowledge persist in understanding the effects of ROS in the response of plants to abiotic stress.
First，the production of ROS is complicated. ROS accumulation in different subcellular compartments and tissue types by different mechanisms, under a multitude of environmental conditions, may be regulated by the temporal and spatial coordination of various biological processes. The amount of ROS in chloroplasts and mitochondria is enhanced in plants by stress conditions that limit CO 2 fixation. In addition to ROS being toxic by-products of metabolic processes, ROS accumulation is integrated with different signaling networks in plants, including protein kinase networks, calcium signaling, cellular metabolic networks and hormone-regulated pathways. For example, previous study showed that mitogen-activated protein kinase 9 (MPK9) and MPK12 are preferentially expressed in guard cells and positively regulate ROS-mediated ABA signaling, which may be required for abscisic acid (ABA)-induced stomatal closure (Jammes et al., 2009 ). These proteins function downstream of ROS signals and are necessary for the activation of anion channels. In another study, exogenous H 2 O 2 was shown to induce primary root bend through the asymmetric distribution of indole-3-acetic acid and gibberellin A 3 in two sides of the curving roots of pea (Li et al., 2015) . It is also found that, NADPH oxidase-dependent H 2 O 2 accumulation was required in the H 2 S-involved ethylene and ABA-induced stomatal closure (Wang et al., 2015) . These studies indicate complex interactions among ROS production, abiotic stress and plant development, and it is probable that unraveling the interactions that unite the different signaling networks and pathways of plants will emerge in the future.
Second, although ROS are recognized as important signaling components in a wide range of processes in plants, the sensor and/or signal transducer complex for ROS-related proteins has not yet been identified. Some ROS-related transducers have been found, such as the serine/threonine protein kinase OXI1, which plays a central role in oxidative burst-mediated signaling, as does the activation of MPK3 and MPK6 by Ca 2+ . Another redox-regulated signaling protein is the co-activator of the TGA transcription factor, nonexpressor of pathogenesis-related genes 1 (NPR1). Our previous studies also indicated that the osmotically stress-regulated glutathione pe-roxidase 3 acts as a general scavenger and specifically relays the H 2 O 2 signal as an oxidative signal transducer in ABA-and drought-induced stress signaling (Miao et al., 2006) . With all the progresses in findings ROS-related tranducers, the identification of the sensor and/or signal transducer complex for ROS-related proteins would be of immense importance for current ROS research.
Third, extracellular ROS production and communication are often ignored. ROS accumulation in apoplasts is biologically important behavior, and there are many reports regarding the progress in elucidating how ROS and redox changes are sensed in intracellular compartments. The cell wall peroxidases and respiratory burst oxidase homologues (RBOHs) are considered as sources of extracellular ROS production. RBOH-dependent ROS production has also been linked to diffuse growth, such as the the coordination of oxygen sensing with ROS signaling under anoxic conditions and modulation in seed after-ripening and pollen tube tip growth, fruit ripening, root and hypocotyl elongation (Wrzaczek et al., 2013) . The after-ripening of seed and pollen tube tip growth are related to cell wall loosening and parttern (Li et al., 2016) , which were regulated by RbohB, RbohH and RbohJ, respectively (Wrzaczek et al., 2013) . Despite the strides made in the understanding of extracellular ROS signals, many questions have yet to be answered, such as: How does the cell sense the outside oxidative stress? What is the mechanism underlying the waves of ROS-induction-ROS-release that propagate cell-to-cell ROS signaling across long distances in plants?
Fourth, because ROS participate in diverse reactions with low stability, high reactivity and varied species in complicated spatiotemporal distributions in cell spaces and organs, it is difficult to estimate both the absolute and relative amounts of ROS production, and to understand how ROS exerts such a widespread control through their spatial and temporal dynamics at levels from organ to organelle and from seconds to hours. Although matrix-assisted laser desorption/ionization mass spectrometry imaging, atomic force microscopy and force spectroscopy with optical tweezers have proved valuable in measuring the ROS levels in different organisms, their application in plants is very limited. The main imaging tools that have been used in plants are the green fluorescent protein (GFP)-based redox probe roGFP, fluorescent dyes and luciferase. However, the small organic molecule-based probes are not widely available for measuring ROS. For instance, DanePy that has been used for in vivo imaging of 1 O 2 is not commercially available, which limits its widespread usage. Additionally, the singlet oxygen sensor green for analysis of 1 O 2 , and nitroblue tetrazolium for investigating the accumulation of O 2 − , are limited in their abilities to detect the dynamic kinetics of ROS production. And none of these probes is capable of detecting a decrease in ROS production. The best probe should be bright, stable and sensitive with a high specificity to ROS and a large dynamic range to sense ROS waves; however, subcellular targeting and transgenic options have limited the use of these tools. Hence, a good probe for widely analyzing the redox state of cells or plants is necessary. Furthermore, as ROS accumulation in the apoplast is biologically important, it is essential to find a reliable means to quantify apoplastic ROS accumulation. In summary, the idea that ROS function in a harmful and direct manner has given way to a more nuanced view that these molecules can specifically modulate various plant physiological and developmental processes. However, as considerable gaps in our knowledge persist, the future of ROS research is full of very promising challenges. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
